We have recently shown that spiral phase plates (SPPs) with continuous surface can be fabricated with one time exposing process only [35] . Four categories of SPPs with different topological charges at wavelength of 532 nm were prepared, and the corresponding vortex beams were obtained. In this paper, in order to verify the optical effects' quality of the SPPs, the optical characteristics, including the diffractive and interferential characteristics, were systematically analyzed in the Fresnel diffraction region. In addition, the optical characteristics have been used to describe the surface profile of the SPPs. The results show that the SPPs have good surface quality and excellent optical effects. Compared with the other generation methods for vortex beam, this method is particularly suitable for obtaining a vortex beam with high efficiency and continuous phase and is extremely promoting R&D of the corresponding applications.
Introduction
The vortex beam is a special light field that includes a spiral phase structure and orbital angular momentum [1] , which has been widely used in many fields, such as optical tweezers [2] - [5] , optical communications [6] , quantum information transmission [7] - [12] , and the super-resolution imaging [13] , [14] . Compared to ordinary light beam, the vortex beam has a number of new important properties, which has attracted a large number of researchers to study the generation and transmission of the vortex beam.
Initially, the mode conversion is used to generate the vortex beams, but the methods need to accurately adjust various types of optical components, thus making the optical system complex [15] . With the development of computational holography, holographic grating plates and fork grating are adopted to generate the vortex beams [16] , [17] . The technology is then developed to use a spatial light modulator to generate the vortex beams. However, the fork grating shape is real-time changed to achieve a vortex beam with different topological charges [18] . Therefore, these methods cannot produce the vortex beams directly.
SPPs can modulate the phase of the light field to generate vortex beams directly [19] . The SPP is a phase type diffractive optical element for which optical thickness is directly in proportional to the rotational angle [19] , [20] . The angle can translate the incident plane wave into a vortex beams. Wide usage of the SPPs makes it urgent demand for its preparation techniques. Electron beam writing, focused ion beam writing, and laser direct writing are the traditional techniques for fabricating the space-variant subwavelength gratings to produce the SPPs [21] - [23] , but they suffer from high cost and low production efficiency.
The phase modulate of SPPs can also be realized by mans of using highly flexible spatial light modulator [24] - [28] . With development of fabrication technology, the SPPs can be realized for the purpose of generating vortex beam using the metal nano-rod structures [29] , [30] . Except for these methods, researchers also use liquid crystal-based devices, such as qplates [31] , umbilic defects in nematics [32] , wave-mixing process in liquid crystal spatial light modulators [33] , and photo-induced anchoring of nematics [34] , and the corresponding simulation and experiments of the vortex beam propagation and diffraction characteristics are carried out. However, the phase distribution is not continuous because of the large pixel of the liquid crystal, and the liquid crystal is very sensitive to the input polarization. The continuous surface shape of spiral phase plate has not been studied systemically due to the limitations from fabrication techniques.
Our group developed the preparation technology of the SPPs with continuous surface by employing the mobile mask technology [35] . The results were proposed in our previous works. The 3-D profiles of the SPPs were tested by optical surface profile (Counter GT) and the step heights were measured by step profile, but the results only show the physical profile of the fabricated SPPs. In order to verify the phase continuation and the wave-front of the vortex beam generated by the SPPs, we focus on the analyses of optical effect of the SPPs. Propagation and interference characteristics of the vortex beams generated by the SPPs have been theoretically calculated and experimentally verified.
Production of SPP
In order to obtain high optical utilization and qualified vortex beam, the continuous SPPs require that its optical depth is strictly proportional to the rotational azimuth angle. We used maskmoving technology to complete the preparation of the SPPs. A gray mask corresponding to the target surface is firstly designed and produced by our laser writing equipment. Fig. 1(a)-(d) show the structures of SPPs (the right part) and the corresponding masks (the left part) with the topological charge number 1, 3, 10, and 20, respectively. The gray level in the mask indicates the exposure dose of the beam applied during the exposure process. The size of the high order topological charges SPPs period is small, and every period must have enough phase levels. This means that SPPs need the higher spatial resolution. We can control the quantizing interval in the mask design process to control the spatial resolution. When we produce the high order topological charges SPPs, we must reduce the interval to advance the spatial resolution. Fig. 2 shows the four spiral phase plates prepared using the masks shown in Fig. 1 . Fig. 2 
Optical Properties
On the basis of the preparation, the optical properties are studied in order to verify the optical effect of the SPPs, which includes the diffraction and interferential characteristics of the vortex beams generated by the SPPs. It is worthy to be noted that the theoretical analyses below are all obtained based on the SPPs with continuous surface where rotational azimuth is continuously increased from 0 to 2. For the experimental parts, the results are all obtained using the SPPs fabricated in Section 2.
Diffraction Properties
First, the diffraction properties of the SPPs will be discussed. Here, the wave front of the vortex beam is spiral, where the optical field E 1 of the cross section can be simply expressed as E 1 ¼ A 1 expðilÞexpðikzÞ, where l is the topological charge, A 1 is the amplitude distribution, is the rotational azimuth which is continuously increased from 0 to 2, and z is the propagation distance. The propagation of the vortex beam in the Fresnel diffraction region can be expressed as
where E is the diffraction field distribution, E 1 is the field distribution of the vortex beam, is the wavelength, k is the wave number, z 1 is the propagation distance, (x, y) is the space coordinates of the diffraction plane, and ðx 1 ; y 1 Þ is the space coordinates of the source plane. The results are shown in Fig. 3 . The wavelength of the incident light is 532 nm. The spot size of the plane source is 9 mm. The corresponding topological charges are 1 in Fig. 3 (a) and (b), 3 in Fig. 3 (c) and (d), 10 in Fig. 3 (e) and (f), and 20 in Fig. 3 (g) and (h), respectively. The distance between the SPPs and the observe surface is 0.5 m in Fig. 3(a) , (c), (e), and (g), and 1 m in Fig. 3(b) , (d), (f), and (h), respectively. The optical fields formed on the basis of the above parameters are shown in Fig. 3 . As can be seen from Fig. 3 , for the same topological charges l ¼ 1 in Fig. 3 (a) and (b), the center dark nucleuses is 300 m and 550 m respectively. For the case of l ¼ 3 in Fig. 3 (c) and (d), the center dark nucleuses is 950 m and 1500 m respectively. For l ¼ 10 in Fig. 3 (e) and (f), the center dark nucleuses is 1650 m and 2600 m, respectively. For l ¼ 20 in Fig. 3 (g) and (h), the center dark nucleuses is 2500 m and 3650 m, respectively. It can be known from the results that for the same topological charges, the longer the distance z between the SPPs and the observe surface, the larger the center dark nucleus will be. In the case of z ¼ 0:5 m in Fig. 3(a) , ( The results demonstrate that for the same distances z, the larger the topological charges, the larger the center dark nucleus will be. Experiments were carried out using the spiral phase plates with the topological charges of l ¼ 1, 3, 10, and 20, respectively. The experimental optical path is shown in Fig. 4 .
First, the laser beam is expanded through a spatial filter and lens to promise that the beam can cover the center of the SPPs, and then, the light beam passes the aperture and spiral phase plates. Finally, the images are received by the CMOS camera at different locations, as shown in Fig. 5 .
Output of the optical field distributions at different distances from the spiral phase plate are shown in Fig. 5 with four different topological charges of l ¼ 1 in Fig. 5 respectively. It can be seen from the above results that the dark nucleus increases with increasing of the topological charges and expands with increasing of the transmission distance. Comparing the expansion degree, the broadening multiple of the core is smaller for the bigger topological charge. Within the allowable range, the experimental results are in agreement with the simulation results. Because of the apertures in the optical path, there is a circular ring in the experimental results.
Interference Properties
The rings created by the SPPs are observed in the above experiments. But the rings carry orbital angular momentum which called vortex beam or just a common optical ring has yet to be verified. Here, the interference properties of the vortex beam and the detect method will be discussed in the sections below.
Interference of vortex beam and plan wave
As we mentioned before in Section 3.1, the vortex beam can be expressed as E 1 ¼ A 1 expðilÞexpðikzÞZ, where A1 is the vortex beam amplitude which equals to a constant E 0 . Here a plane wave is introduced that optical field is expressed as E 2 ¼ A 2 exp½ik ðx cos þ zÞ, where k is the wave number, and A2 is the plane wave amplitude which also equals to a constant E 0 , (x, y, z) is the coordinate of the propagation space, the is the angle between the x-axis and the propagation direction. The interference light field E of the above two waves can be written as E ¼ E 1 þ E 2 . The interference intensity field I can be written as
where l is the topological charge, and is the rotational azimuth. According to (2) , the corresponding arithmetic is compiled and the simulation is carried out so as to obtain the interference field distribution. The results are shown in Fig. 6 , where the topological charges of the SPPs are 1, 3, 10, and 20, respectively. In the calculation, the wavelength is chosen as 532 nm. 
It can be seen from Fig. 6 that the interference pattern of the vortex beam and the plane wave is a forked light field including multiple stripes which looks like a tree that has many branches. The relationship between the number of the branch and the topological charge of the SPP is shown in the figure. In Fig. 6(a) , we can find that the number of the branch is 1 which equals the topological charge of the SPPs. In Fig. 6(b)-(d) , the number of the branches is 3, 10, and 20, respectively, which also equals to the topological charges.
After the above simulation, experiments are performed to verify the results. The experimental optical path is shown in Fig. 7 .
As can be seen, the interferometer is a Mach-Zehnder type. A parallel beam is divided into two parts by a beam splitter (BS). After that one beam A will be changed into vortex beam passing through a spiral phase plate, and the other beam B is still a collimated light. The vortex beam A and collimated beam B are then go through a reflector respectively and combined together. The interference pattern is finally received by the imaging CMOS. Four different types of SPPs which topological charges of 1, 3 10, and 20 are selected the experiments, and the results are shown in Fig. 8 . Fig. 8(a)-(d) show the interference fields of the collimated beam and the vortex beam created by SPPs which topological charge is 1, 3, 10, and 20, respectively. It can be seen that the interference fields are also includes multiple stripes looks like branches. The number of the branches can also be counted out from the figure which is 1, 3, 10 , and 20, and equals the corresponding topological charges, respectively. The shapes of the branches are also consistent to the simulation results. The bigger the number of the topological charge, the more the number of the split will be. And the numbers of the split fringes are equal to the topological charges number.
In the simulation, we use the vortex beam which has the strictly continuous spiral phase. As can be seen from the results, the interference fringes are not deformed besides the middle region. Following the simulation results, we do the experiment about the interference of the plan wave and the vortex beam. The experimental results are in agreement to the simulation results. We can draw a conclusion that the vortex beam generated in the experiment has spiral phase, and the spiral phase is continuous. The number of the split fringes equals to the topological charges number. This shows that the SPPs is very perfect, compared to the discontinuous structure.
Interference of vortex beam and spherical wave
In addition to the study of the interference of the vortex beam and the plane wave, the interference of the vortex beam and the spherical wave are also investigated. As we mentioned in Section 3.1, the vortex beam can be expressed as E 1 ¼ A 1 expðilÞexpðikzÞ, here, the spherical wave is expressed as E 2 ¼ A 2 expðikr Þ=r , where k is the wave number, A 2 is the spherical wave amplitude which also equals to a constant E 0 , and r is the radius of the spherical wave. The interference light field E of the above two waves can be written as E ¼ E 1 þ E 2 . The interference intensity field I can be written as
According to (3), the corresponding arithmetic is compiled and the simulation is carried out to obtain the interference field distribution. The results are shown in Fig. 9 , where the topological charge of the SPPs is 1, 3, 10, and 20, respectively. In the calculation, the wavelength is chosen as 532 nm.
As can be seen, the interference pattern of the spherical beam and the vortex beam is a spiral light field which looks like a flower with many petals. What is the relationship between the number of the petal and the topological charge of the SPP? In Fig. 9(a) , we can find that the number of the petal is 1 which equals to the topological charge of the SPPs. In Fig. 9(b)-(d) , the number of the petal is 3, 10, and 20, respectively, which also equals to the topological charges.
After the above simulation, experiments are performed to verify the results, as shown in Fig. 10 .
As can be seen, the interferometer is a Mach-Zehnder type. A parallel beam is divided into two parts by a BS. Then, one beam A will be changed into vortex beam passing through a spiral phase plate, and the other beam B will be changed into spherical beam passing through a lens. The vortex beam A and spherical beam B are then go through a BS and combined together. The interference pattern are finally received by the imaging CMOS. Four different types of SPPs, whose topological charge is 1, 3 10, and 20, respectively, are adopted in the experiments, as shown in Fig. 11 .
The interference fields of the spherical beam and the vortex beam created by SPPs which topological charge is 1, 3, 10, and 20, respectively. It can be seen that the interference fields also includes spiral stripes like a flower that has many petals. The number of the petals can also be counted out from the figure, which is 1, 3, 10, and 20, and equals the corresponding topological charges, respectively. The shapes of the branches are also in accordance with the simulation results.
In simulation, we use the vortex beam which has the strictly continuous spiral phase. The interference fringes are not deformed except in the middle region. Following the simulation results, the experiment regarding the interference of spherical wave and the vortex beam is performed. The experimental results are in agreement to the simulation results. This shows that the vortex beam generated in the experiment has spiral phase, and the spiral phase is continuous. The number of the petal equals to the topological charges number. This shows that the SPPs is perfect, compared to the discontinuous structure.
Summary
A useful method for fabricating SPPs is proposed in the paper. Also, the testing and verifying methods are explained in detail. The simulation study and experimental verification are carried out according to the SPPs. Our results demonstrate that the fabricated SPPs have perfect continuous surface and wonderful optical effects. This method conquers the problem of low diffraction efficiency, discontinuous phase and depended polarization, which has great potential in the application of optical tweezers, optical communications, quantum information transmission, and the super-resolution imaging. The authors would like to provide SPPs elements with high quality to researchers in the corresponding fields. 
